Abstract -The dynamic aspects of certain chemical systems, whether they concern a chemical transformation or a physical evolution of fast phenomena, are at best achieved by relaxation techniques (notably by unique perturbation, such as T-jump or other influential property jumps). Theseare the best tools available for studying fast equilibrated reactions in solution. In this lecture, the efforts made to improve the rapidity limits and the precision of these con1plex relaxation methods will be presented in conjunction with two types of problems, chosen to prove the versatility of the automated instrumentation developed in the ITODYS. These problems deal with: a) conformational equilibria of polynucleotides in aqueous media and b) prototropic equilibria in solution, tagether with the detection and estimation of the proportians of the rare forms of the nucleotides whose existence is probably responsible for the degradation of genetic information. After a brief reminder of the principle of relaxation techniques for sequential fast kinetics and its advantages for the study of equilibrium constants governed by fast exchanges, a survey is made of the principle and characteristics of an ultra-fast laser T-jump spectrophotometer. Among the various improvements considered is the change of the I.R. frequency used to transfer heat to the water solvent and the Synchronisation of a special detection with the laser flash to minimise the level of noise despite a high bandwidth. This system (7-8°C in 20 nanoseconds) is perfectly adapted to study conformational changes of oligonucleotides where the interconversion times for conformers are lower than I Ps
INTRODUCTION
Over the last few years, our laboratory has devoted a part of its activity to studying the kinetics of proton transfers -notably intramolecular proton transfers (prototropic transformations). Since these reactions are generally too fasttobe measured by classical kinetic techniques, we have been led to develop a major technological potential in fast kinetics, particularly in the field of chemical relaxation. At present, these techniques are so sensitive that they can be used not only as a kinetic tool (e.g. for studying the dynamics of tautomeric equilibria identified elsewhere), but even as an analytical tool; it is thus often possible to detect tautomeric equilibria in solution, even when they are very shifted, and estimate the corresponding thermodynamic parameters. Moreover, the time resolution has been improved in such a way that it is now possible to study the dynamics of certain conformational equilibria by single perturbation relaxation methods (transient relaxation methods).
In this lecture, I shall first briefly recall the underlying principle of single perturbation relaxation methods, notably that of T-Jump relaxation. This will be followed by a description of the performances obtained with the experimental assernblies in our laboratory, shown by a description of the results we have obtained using these techniques. This lecture will end with a glance at the perspectives which are presently open to us.
PRINCIPLE OF TRANSIENT RELAXATION M1THODS
Fast kinetic methods, notably chemical relaxation, 1 have developed over the last 15 years or so, at the same time as classical kinetic methods involving the previous mixture of reagents. These fast kinetic methods apply to equilibrated reactions, in which case the equilibrium constant is generallysensitive to a certain nurober of intensive variables (T, P, E, etc ... ).
Once equilibrium is established, if one of these intensive variables is abruptly perturbed, the system is then no langer in equilibrium and its composition tends to modify itself so as to adapt to the new thermodynamic conditions, as shown forafast jump in temperature. (Fig. l) t, 
Time
The reequilibration kinetics is exponential if the perturbation of the equilibrium is not too large; the inverse of the time constant for this exponential is called the relaxation time ('r) of the system. Measuring this relaxation time yields information concerning the kinetic characteristics of the reaction studied.
I have decided to discuss herein the case where a chosen intensive variable is subjected to a single perturbation (transient relaxation methods). However, there is another method whereby a chosen intensive variable in a system is subjected to a periodic perturbation (stationary relaxation methods). When the variation period of the intensive variable reaches an order of magnitude the same as the relaxation time of the system, the composition of the system responds to the imposed perturbation with a certain delay; this is expressed by an absorption of energy. Thus, the relaxation time of the system can be estimated in this way from the energy dissipation curves as a function of the variation time period of the chosen intensive variable. The best known stationary relaxation method is ultrasonic absorption whereby the ultrasounds passing through the solution make the pressure and the temperature vary periodically at each point. The main drawback of these methods lies in the difficulty involved in attributing the observed relaxatiorsto a given equilibrium since it is not the modifications in concentration of a definite species which are measured directly, but only an overall pilenornenon (the energy dissipation). Nevertheless, up till now, these methods have been irreplacable as they allow one to measure extremely fast processes (between Jo-5 and Ja-lOs). Yet, the rapid development in performance of single perturbation methods, whose results are much easier to interpret, should make the stationary methods less interesting. Thus, in the part that follows, only transient relaxation methods, notably T-Jump which is the most important one, will be dealt with. It should particularly be noted that: -transient relaxation methods are of interest only as far as one makes the chosen intensive variable (T in this case) vary more quickly than the reagents can be mixed (essentially with stopped-flow techniques); -the rate of modification of the intensive variable should be markedly greater than the reequilibration rate of the studied chemical system; -since the perturbation to which the equilibrium is subjected is generally small (this is a theoretical obligation, otherwise the reequilibration is not exponential; it is often a technological necessity also), the variations in chemical composition tobe observed are also rather small.
These aspects define the objectives and ways necessary to consider and improve the transient relaxation methods: pushing back the lower limit of the accessible relaxation times, in other words, decreasing the duration of the perturbations and increasing the rapidity of the detections in order to match as nearly as possible the performances achieved by stationary relaxation techniques (e.g. ultrasonic absorption) where the results are often hard to interpret. (We shall describe the improvements in this area made in our laboratory for the T-Jump technique). increasing the sensitivity of signal acquisition techniques in order to extend them to the detection and dynamic study of highly shifted equilibria (We shall deal only with spectrophotometric devices built and improved in our laboratory).
LASER T-JUMP: PRINCIPLE AND APPLICATIONs 2 • 3 Heating
In the device shown in Figure 3 , the medium is abruptly heated by the absorption of an infrared laser energy pulse from a large switched mode laser. This is heating by vibrationa_l __ __ relaxation of the solvent molecules. Since the switched mode lasers can provide pulses lasting several tens of ns, one can hope thereby to obtain heating lasting just as long. Unfortunately, there is no switched mode laser providing enough energy (several joules) in a zone where water (the solvent we most often use) has a marked extinction coefficient. In order to surmount this difficulty, we use the radiation of a neodymium switched laser whose frequency is modified by stimulated Raman effect in liquid nitrogen ( An increase in ~f degrades the S/N ratio and the relaxation signals quickly become inobservable, unless the photocurrent (Ip) can be increased at the same time. This is exactly what we da by pulsing the analysis lamp2 for a few ms so as to coincide with the starting of the pumping flashlamp of the laser; its brilliance (and thereby Ip) is multiplied by a factor of 100 to 1000 during this time interval -thereby corresponding to an increase in the S/N ratio by a factor of 10 to 30.
Pulsed in this manner, the detection has a noise level in the UV of about 10-3 O.D. units, for a rise time of about 10 ns. In all, the entire equipment has a spectral sensitivity comparable to that of classical Joule effect apparatuses for a time resolution that is about 500 times better.
Same applications The above-described apparatus was first developed in order to study very fast prototropic transformations in aqueous solution. For example, uracil with a pH above 9.5 exists in solution in the form of a mixture of tautomeric anions (Fig. 5) . The interconversion of these two species is always very fast (100 ns < T < 3 ~s) depending an the pH and the concentration. The interconversion process is still easily observable by the T-Jump laser technique. The variation of T with the pH and the concentration has allowed us to elucidate completely the tautomeric interconversion mechanism in this particular case.
Moreover, the performances achieved by o~r equipment have permitted the direct study of certain major conformational equilibria.J For example, 3'-5' dinucleosides are the simplest molecules already having the sugar-phosphate-sugar chain characteristic of nucleic acid skeletons. A study of the dynamics of the conformational equilibria in this system allows one to obtain information about the forces which insure the stability of the stacked structures in single coil of single-stranded DNA and RNA molecules. Since the stacked ~ unstacked transition is accompanied by a variation in the molecular excitation coefficient, its kinetics can be studied with our equipment. The result is shown in Figure 6 for adenosyl 3'-5' adenosine (ApA).
Concentration' 6 mM 500ns It can be seen that the conformational interconversion occurs at a rate that falls within the time range accessible to the laser T-JUillp apparatus. The relative "slowness" of the conformational interconversion in this system is undoubtedly due to the large number of degrees of freedom brought into play (strong activation entropy).
INCREASING THE SENSITIVITY OF THE JOULE-HEATED T-JUMP SPECTROPHOTOMETER Equipment
Up to this point I have dealt with our efforts to push back the lower limits of the half-life reactions accessible with transient T-JUillp relaxation techniques. I shall now deal with the improvements we have brought· to commercial spectrophotometers, notably to the classical Joule effect T-JUillp apparatus. These improvements fall into two categories: -better control of experimental parameters, notably pH and temperature, which can now be measured continuously during experiments with ± 0.02 and ± O.z•c precision, respectively (even in a neutral non-buffered mediUIII); -computer handling of signals. Instead of attacking an oscilloscope whose trace is then photographed and analyzed, the analogical signal delivered by the T-Jump apparatus is digitalized in an interface and stored for handling in the memory of a small computer (PDP 11/10) (Fig. 7) .
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Fig. 7. Principle of a T-JUillp spectrometer interfaced to a small computer
This not only allows the objective and rapid processing of the data provided by the apparatus, but leads to an improvement of the S/N ratio by accumulating identical signals. I shall develop this point further on.
Three types of numerical acquisition can be envisaged a priori, depending on the rapidity in variation of the analogical signal studied (Fig. 8) Given the rather slow heating times of these techniques (a few ~s), only kinetics with relaxation times ~ 10 ~s can be studied with precision. Consequently, the most suitable sampling technique is direct access to core memory with a sampling time of about I ~s. We use an interface, built in our laboratory, which permits sampling the T-Jump output, i.e. acquiring one 10 bit word every 2 ~s. The type of results obtained with this sampling technique are summarized in Figure 9 (the studied relaxation is the reequilibration of a tautomeric equilibrium of adenine): The relaxation time (T) of the system is extracted from the straight line in Figure 9 . Extrapolation of the straight line at zero time gives the amplitude (A) of the relaxation. The reproducibility of the runs is such that with average amplitude signals (as in Figure 9 ), A and T can be measured with a standard deviation of about 5%; this is a considerable improvement over manual handling.
In our laboratory, this technique has been used mostly to study the thermodynamics and kinetics of prototropic interconversions for heterocyclic structures. I shall briefly evoke the principle of these studies, followed by some results we have obtained.
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Application to the thermodynamics and kinetics of prototropic equilibria in aqueous solution. We shall represent the two interconverting tautomeric species by HX and XH (I shall suppose that K = [XH] I [HX] < 1). If, in each structure, the labile proton is attached to a heteroatom, then the interconversion is always "fast" in comparison to that obtained by classical kinetic methods. Even the equilibrium constant is hard to estimate if it is below 0.1, because the spectroscopic techniques for studying this type of tautomeric equilibria lack precision.
If the tautomeric mixture HX ~ XH is subjected to a temperature jump and if the variations in the composition of the medium are followed spectrophotometrically, it can be shown that the deviation between the optical density and its final value ~(O.D.) is expressed as follows ( Fig. 10): or------- Fig. 10 . Expression of relaxation time and amplitude for a tautomeric equilibrium
It can be seen from these expressions that:
measuring the relaxationtime (T-l) gives the sum of the direct andinverserate constants of the tautomeric equilibrium; -the amplitude, A, is independent of the pH and is proportional to the concentration; moreover, all things being equal elsewhere, it is proportional to the difference between the spectra of the exchanging species. Since these spectra differ little from those of the blocked derivatives in which the labile proton has been replaced by a methyl group, we have here a means of attributing the observed relaxation to a given tautomeric equilibrium. For example, with cytosine solutions, we observe a relaxation phenomenon whose amplitude is independent of the pR and which is proportional to the concentration. The comparison of the wavelength dependence of the amplitude with the UV spectra of various methylated cytosine derivatives allows the attribution of the observed relaxation to the N(I)H ~ N(3)H equilibrium of cytosine (Fig. II) . the amplitude depends on the thermodynamic parameters of the system. If K << I, one can write: Measuring the product (A T 2 ) as a function of the temperature (for a given ÖT) will thus allow estimating LIH and K. For example, in the case of the equilibrium N(I)H ~ N(3)H in cytosine, the variation of Ln(AT2) as a function of 1/T is a straight line, whose slope gives LIH = 3.1 Kcal M-I (Fig. 12) . Using this value in the expression of the amplitude at 2s•c gives: The interest of this type of information is evident. For example, comparison of the first two equilibrium constants in Figure 13 allows one to estimate the amine ~ imine equilibrium constant of 1-substituted cytosines (Fig. 14) . It should be recalled that determining the abundance of this rare imine form, which is liable to lead to mispairing during DNA replication, is particularly important in Watson and Crick's classical theory of mutagenesis.
General mechanism of tautomeric interconversion in these systems As of now we have studied the reequilibration kinetics of more than 20 prototropic systems of this type .5 In all cases, the reequilibration rate law has been examined as a function of the pH and of the substrate concentration. The overall results, with the exception of the particular case of a-substituted pyridines mentioned above, can be interpreted on the basis of the two following hypotheses:
a) The interconversion always occurs via the ionized anion or cation forms common to both tautemers (Fig. 15) . The tautomeric interconversion is thus acid and base catalyzed, just like the tautomeric interconversion of "slow" systems, causing the making or breaking of a -CH bond (cf. keto-enol interconversion).
Acid catalysis b) The thermodynamically favorable proton transfer reactions, in these processes, have a very high rate constant which is close to the foreseen limit for the diffusion of the reagents. The usually observed orders of magnitude are shown in Figure 16 . In this case where the proton donor and acceptor sites are very close, one must admit that the labile proton can oscillate from one site to the other, according to a concerted mechanism, without an intermediate ionic dissociation. This is represented in Figure 19 where the geometric requirements for the observation of such a mechanism are illustrated.
-- Fig. 19 . Non-dissociative proton-transfer mechanism
There is little doubt that such a concerted proton transfer mechanism brings into play the acid-base bifunctional catalyst properties of the water solvent. We are currently carrying out a more specific study on the role played by water in this process.
CONCLUSION
The success of our fast kinetic techniques in the detection and study of prototropic equilibria, even when very shifted, in aqueous solution, is prompting us to continue our efforts in this direction. We are currently trying to increase the sensitivity of the method even further by using a new mode of temperature perturbation capable of reaching a much higher frequency of repetition than the Joule effect T-Jump apparatus. Right now we are testing the performanc~ of a magnetron (microwave heating), capable of heating a few ~1 of water with a frequency of 50 Hz. With this very high repetition rate, which allows very important signal accumulations (e.g., 10 000 runs with oT = 1.5°C), the spectral sensitivity of the equipment is much better than that obtained with the classical experimental assembly with Joule effect heating. The performances of the different T-Jump techniques either existing or being developed in our laboratory are shown in Figure 20 . 
